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Abstract ± 6KRUWFRPLQJV RI VLQJOH FXII EORRG SUHVVXUH
GHYLFHV KDYH OHG WR UHVHDUFK RI GHYLFHVZLWKPRUH WKDQ
RQHFXIIIRULPSURYHGDFFXUDF\:HDVVHVVHGWZRGHYLFHV
WKDWXVH WZRFXIIV DQGRQHGHYLFH WKDWXVHV WKUHHFXIIV
7KH GHYLFHVZLWK WZR FXIIV XVH RQH RFFOXGLQJ DUP FXII
DQG RQH FXII WKDW GHWHFWV SXOVHV WKDW SDVV SDVW WKH
RFFOXGLQJ FXII 7KH GHYLFH ZLWK WKUHH FXIIV XVHV SXOVH
GHOD\WLPH7KHDGYDQWDJHVDQGWKHVKRUWFRPLQJVRIWKH
GHYLFHVDUHGLVFXVVHGLQWKLVSDSHU.
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I.  INTRODUCTION 
Traditional noninvasive measurement of blood 
pressure (BP) consists of a sphygmomanometer with 
a cuff placed on patient's arm and a stethoscope. The 
stethoscope is applied to the brachial artery distally to 
the cuff and Korotkoff sounds are observed. Systolic 
blood pressure (SBP) is the point of the first sound 
and diastolic pressure (DBP) is the point of sound 
disappearance. This method is still used and it is 
considered to be the gold standard [1].  
  More than a generation ago, automatic electronic 
BP devices have been introduced. Single cuff 
automatic blood pressure (BP) monitors are the most 
prevalent BP devices on the market today. Most BP 
monitors use arm cuffs but wrist cuff devices are also 
popular. Single cuff devices usually use cuff pressure 
(CP) and arterial pressure pulse data acquired from 
the cuff during cuff deflation. Fig. 1 shows pressure 
pulse amplitudes (PA) during gradual cuff deflation. 
Maximal pulse amplitude (MAX PA) is used for 
determination of systolic (SBP) and diastolic (DBP) 
pressures. The method is called characteristic ratio 
method. The amplitude ratios are based on 
statistically predetermined ratios of MAX  PA and 
amplitudes on the high CP side for SBP and on the 
low CP side for DBP. This method is commonly 
called the oscillometric method. 
 
Figure 1.  Arterial pulse waveforms during gradual cuff deflation. 
CP is cuff pressure and PA is pulse amplitude 
This method eliminated the need of pulse 
detection distally of the cuff (the stethoscope), but 
this innovation came at the cost of decreased accuracy 
and reliability of measurement [2]. Single cuff BP 
devices need to be validated according to a validation 
protocol. Manual BP method is used for validations. 
   The needs for increased accuracy and reliability 
of automatic BP devices have led to research and 
development of several devices that use more than 
one cuff [3]. The methods used in three of such 
devices are assessed in this paper. We concentrated 
on the function of the additional cuffs that are used 
for pulse detection distally to the occluding cuff. All 
three methods use personal computers for control, 
data acquisition and data processing. 
II. METHODS 
A. Method #1 
This method [4] uses a standard arm cuff (13x24 
cm) and a small cuff  (3x6 cm) placed inside the distal 
side of the arm cuff over the brachial artery (Fig. 2). 
The instrumentation consists of pressure transducers, 
analog and digital circuits, and a computer with 
specially developed software.  
The arm cuff functions as the brachial artery 
occluding cuff and the pulsations in the pulse 
detection cuff are used to determine the points of SBP 
and DBP. 
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Figure 2.  The two cuff method with occluding cuff , pulse 
detection cuff, and instrumentation  
 
Figure 3.  Picket fence representation of arterial pulse amplitudes 
(PA) during gradual cuff pressure (CP) deflation  
 
Figure 4.  The dual cuff system with arm cuff, wrist cuff, the 
instrumentation module, and the notebook computer 
The cuff pressures and their superimposed 
pulsations are converted to voltage by pressure 
transducers and processed by the computer. Dedicated 
software is used to evaluate pulsations in the small 
cuff. The picket fence representation of the pulse 
amplitudes (PA) is shown in Fig. 3. The value of SBP 
is determined as the point of sudden increase of PA. 
The value of DBP is determined as the point of 
sudden decrease of PA.  
 
B.  Method #2 
This method [5] uses two commercial cuffs of 
different sizes. The occluding cuff is placed on the 
upper arm and the pulse detecting cuff is placed on 
the wrist (Fig. 4). The arm cuff size is 14x24 cm and 
the wrist cuff size is 6x11 cm. 
All functions of the system are controlled by 
special software in the notebook computer. The 
notebook communicates with instrumentation module 
via USB. The module contains the pneumatic and 
electronic circuits.   
   The wrist cuff function is similar to the 
auscultatory BP determination. The wrist cuff is 
inflated to about DBP level during the cuff inflation 
procedure and it is held at that level until the end of 
the BP test. The wrist cuff pressure level is not critical 
but the wrist cuff amplitudes are optimal at DBP 
level. The arm cuff is inflated to pressure above the 
expected SBP level and then deflated slowly. Picket 
fence representation of wrist cuff pulse amplitudes is 
shown in Fig. 5. When cuff pressure is lowered to 
SBP level, the wrist cuff pulses are detected in the 
wrist cuff. As the arm cuff pressure (CP) is lowered 
further, the pulse amplitudes rapidly increase. The 
SBP value can be determined from the onset of PAs. 
 
Figure 5.  Picket fence representation of wrist cuff pulse 
amplitudes (WPA) during gradual cuff deflation. Wrist cuff 
pressure WCP is held at near DBP pressure. WPA are wrist cuff 
pulse amplitudes 
Wrist pulse amplitudes quickly reach peak value 
and then decrease until they reach low point. This 
point corresponds to mean arterial pressure (MAP) .  
The determination of DBP relies on subtler 
waveform changes. The wrist cuff pulse amplitudes 
increase from the point of MAP until they reach a 
plateau. At this point (see Fig. 5) the corresponding 
arm cuff pressure is taken as the DBP value. 
 
C.  Method #3 
Fujikawa et al [6] described a pulse delay 
technique with triple cuff. Fig. 6 shows the triple cuff 
arrangement. The main cuff serves as a standard arm 
occluding cuff, the second cuff is the pulse detecting 
cuff and the third cuff serves as a “notch enhancing” 
cuff. While the occluding cuff is a standard cuff 
wrapped around the arm, the other two cuffs can be 
better described as air bags because of their much 
smaller size. The small cuffs are not wrap-around type 
cuffs. The pulses in the second cuff are used to 
determine the points of SBP and DBP.  
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Figure 6.  Triple cuff configuration. Pulse detection cuff is located 
at the distal side of the occluding cuff 
The delay time is measured between the proximal 
pulse upstroke onset and the distal upstroke onset. Fig. 
7 shows the delay time changes with time. At 
occluding cuff pressures above SBP the upstroke delay 
time is short. When occluding cuff pressure is lowered 
to the SBP level, the delay time abruptly increases. 
This increase is registered as the point of SBP. As cuff 
pressure is gradually lowered the delay time decreases 
until the level of DBP is reached. At this time the 
delay ceases to decrease and the cuff pressure at this 
point is registered as DBP. 
    Instrumentation unit and a personal computer 
were used for data acquisition and processing.    
Specially designed software automatically takes care 
of inflation and deflation of the cuffs, the acquisition 
and processing of cuff data, and display of results. 
 
Figure 7.  Graph of delay time during occluding cuff gradual 
deflation. The SBP is at the point of maximal delay time and DBP 
is at the beginning of delay time plateau 
III. RESULTS 
Method #1 was compared with auscultation. Mean 
difference for SBP was 0.42 mmHg and SD was 2.9 
mmHg. Mean difference for DBP was 1.2 mmHg and 
SD was 3.5 mmH.  
Method #2 SBP and DBP values were compared 
with the single cuff characteristic ratio method. This 
method was used on the same data set because the 
occlusion cuff data are automatically available. The 
ratio value for SBP was 0.5 and the ratio value for 
DBP was 0.76. Mean difference for SBP was 5.9 
mmHg and SD was 9.62 mmHg. The difference for 
DBP was 3.2 mmHg and SD was 4.52 mmHg. 
  Method #3 BP values were compared with values 
obtained with the auscultatory method. Mean 
difference for SBP was 2.53 mmHg and SD was 2.62 
mmHg. Mean difference for DBP was 3.9 mmHg and 
SD was 5.76 mmHg. 
IV. DISCUSSION 
All three methods described above attempt to 
improve accuracy that may be lacking in the single 
cuff methods. The accuracy improvement is 
accomplished by employing additional cuff or cuffs. 
The disadvantage of all three methods is that 
additional cuffs and electronics are necessary. The 
small cuff used by method #1 is used to produce 
arterial pulse envelope (Fig. 3) that produces abrupt 
amplitude changes at SBP and DBP points. These 
changes facilitate more accurate SBP and DBP 
determination. The problem with method #1 could be 
potential corruption of pulses with incorrect placement 
of the pulse detecting cuff. There have been methods 
in the past that used contact microphone or ultrasound 
probe under the occluding cuff. These methods are no 
longer used because of the problems of probe 
placement.  
   Method #2 uses two commercial cuffs that are 
easily obtained. The pulse detecting wrist cuff is 
completely removed from the occluding cuff. The 
placement of the wrist cuff is not critical and it can be 
accomplished by anybody. The advantage of this 
approach is that the determination of SBP is more 
reliable because it is easy to detect first appearance of 
the pulses in the wrist cuff. In addition to the 
determination of SBP and DBP values, this method 
can determine the values of mean arterial pressure 
(MAP). MAP is a useful hemodynamic variable which 
is used to determine peripheral vascular resistance.  
  Method #3 uses three cuffs and the placement of 
the two small cuffs are important. Similarly to the 
method #1 they must be placed over the brachial 
artery. Cuff misplacement can cause errors. The time 
delay method used here is new and it is difficult to 
assess how practical it may be in clinical environment. 
  There may be an important application of an 
accurate multiple cuff BP method. At the present time 
electronic single cuff devices are validated using the 
manual auscultatory method [7]. The auscultatory 
method has its own accuracy problems that are well 
recognized [1]. In addition, the auscultatory raw data 
is not available - only the results of BP measurements 
are available. Multiple cuff computerized methods can 
store raw data that can be analyzed and stored for later 
use. Validations of BP devices could be accomplished 
more reliably and the stored data could be verified. 
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 V. CONCLUSION AND FUTURE WORK 
The multiple cuff methods assessed in this paper 
attempt to improve accuracy of noninvasive blood 
pressure measurement. They could be useful in 
research or clinical environment where accuracy is 
more important than in routine blood pressure 
screening. Better validation methods of single cuff 
devices could also be accomplished. Eventually, a 
computerized BP system should replace the manual 
BP method as the new gold standard. More studies 
will be necessary to ascertain which environment is 
the most suitable for multiple cuff BP devices. 
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